In this article, plasma monitoring tools and mulivariate analysis techniques were reviewed.
I. Introduction
Plasma processes were introduced into the film deposition and etching processes of micro-and nano-scale integrated circuits since mid-1980s.
Plasma processes have been widely used in semiconductor device and display panel manufacturing including etch, chemical vapor deposition, and surface treatment processes [1] [2] [3] . As the degree of integration is increased and the minimum pattern size is reduced, it is getting more challenging to detect abnormal signals in plasma processing. Therefore, the demand for the sensitive plasma monitoring is increasing [4] .
Plasma is a complex phase that requires understanding in physical and chemical aspects. The plasma properties are influenced not only by the process conditions but also by reactor configurations [5] . Figure 1 . An optical emission spectrum of the H2/Ar/ CH4 plasma with related major peak [16] .
Stokes Raman spectroscopy, and quadrupole mass spectroscopy (QMS) [6] [7] [8] [9] [10] [11] .
Some of the plasma diagnostic techniques are invasive and perturb the state of plasma. For example, it is known that electrostatic probe, Langmuir probe, and double floating probe cause relatively large perturbation. Though it is impossible to apply the invasive methods to mass production, the invasive methods can provide the direct information on ion flux, electron density, temperature and other properties in early stage of the development [9] [10] [11] [12] [13] .
Non-invasive techniques are limited in getting direct information of plasmas, but they are preferred in manufacturing because they do not perturb plasmas. [14] .
In this article, optical emission spectroscopy is Fig. 1 shows an example of an optical emission spectrum captured from H2/Ar/CH4 plasma [16] . Typical OES monitoring systems are comprised of the lens and optical fibers for condensing light, monochrometers, and photo-multipliers [6, 17] . Typically, optical spectra are collected in the range of 200∼1000 nm. Table 1 shows the optical wavelengths related to atoms, molecules and ions widely monitored for plasma etching endpoint detection [18] .
Endpoint detection in plasma etching processes
The 
Where Ireactive is the emission intensity of reactive species, Iinert is that of an inert gas, ninert is the density of inert gas, and C is a coefficient that is not affected by plasma parameters [6, 22] . Fig. 4 shows an example of actinometry for the F density esti- Figure 5 . VI probe for poly-Si etching endpoint detection on oxidized Si in a SF6 plasma using magnetic multipole enhanced triode reactor [30] .
mation. Ar is used as the actinometer, and the optical emission spectra related to Ar and F are measured [22] . Similarly, the density of other reactive species such as F, O, CO and CO2 can be measured by using
Ar and N2 actinometer [23] . In actinometry, it is essential to choose the appropriate wavelength emitted from reactive species and actinometer, and radical density in plasmas can be analyzed by OES [24] . point detection by VI probe was verified by an optical analysis technique, laser interferometer [29, 30] . The combination of other analysis techniqeus with the RF V-I measurement have been reported such as RF harmonic anlysis [31, 32] , artificial neural network models [33] , and equivalent circuit models [25] to extract physical information. Fig. 6 is the result of SiO2 etching endpoint detection achieved by first RF impedance analysis and phase angle harmonic component. SF6 plasma is generated by reactive ion etching system, and the monitoring targets are the first four harmonics of RF voltage, RF current, phase angle, RF discharge power and RF impedance.
Limitations of OES
Step I is the initial condition of plasma, step II is during etching process, step III shows the increasing Si exposed area, an step IV shows SiO2 is fully removed [31] . The plasma etcher system was modeled with a equivalent circuit consist of conductors, resistors, capacitors, and inductors. Fig. 7 shows an equivalent circuit model of a plasma and a reactor with a conductor and the sheath with a capacitor [25, 34, 35] .
From physical models correlating the circuit elements and plasma properties, various plasma properties can be estimated such as plasma density, electron temperature, reactor wall conditions, and wafer conditions [25] .
Applications
The RF V-I monitoring can be applied to the following applications. Figure 8 . The raw data-RF voltage, current, and phase-collected from 2.0% model wafer for SiO2 etching endpoint detection: (a) voltage, (b) current, and (c) phase [38] .
Endpoint detection of etching processes: RF
impedance is affected not only by plasma and sheaths but also by thin film thickness on the wafer and chamber conditions. Therefore, the etching endpoint can be monitored by V-I probe. Fig. 8 shows endpoint detection of small area (2%) SiO2 film etching [38] .
Cleaning endpoint detection: In the cleaning process impurities on the reactor walls affects RF voltage and current resulting in chamber impedance.
Hence, RF V-I probe can be applied to the endpoint of cleaning process by the electrical signals.
The limitations
Higher harmonics of RF voltage, current and phase angle signals can be analyzed through Fourier transform. The higher harmonics signals are believed to be also affected by plasma reactor configuration but their meaning is not clearly identified. Since RF impedance is affected by plasmas and reactor configurations, it is essential separate elements of plasmas from equivalent circuit models. No chemical information can be identified from RF V-I probe signals. PCA is widely adopted for statistical analysis, process system optimization, and pattern recognition. PCA has been applied to extract the trend of data from scattered data around the measured variables. Fig. 9 shows the principle of data compression from three-dimensional space to two-dimensional space.
IV. Multivariate Analysis Techniques for
In PCA algorithm, the score and loading vectors reflect process variation and they are determined by solving an eigenvalue decomposition of the covariance matrix (S):
(
where X is the raw data matrix of n times observed, and it is better that each variable is normalized.
Through 
Where is the residual matrix [14, 39] . In fact, most of the information is usually concentrated on a few principal components, and the residual matrix is usually discarded. Choosing loading vector by contribution ratio and normalizing raw data of target wafer [19, 38] . collected ranging from 200 nm to 1000 nm. The number of wavelength is 1000 to 3000 in total, and the measurement interval is 100 milliseconds to 1 second. Therefore, it is challenging to apply conventional PCA for real-time plasma monitoring.
Real-time etching endpoint detection
Hence, PCA is modified for real-time plasma process monitoring. The flowcharts in Fig. 10 are the examples of modified PCA algorithms. Two-step approach is used to reduce computing load by separating the off-line modeling step and real-time EPD step. In the off-line modeling step, a raw data matrix was formed from monitoring tools. Normalization is required to compensate the difference scales of variables, and the loading vectors are calculated by the conventional PCA algorithm. Indexed are defined to quantify the enhancement such as signal-to-noise ratio (SNR) or contribution ratio. In the real-time EPD step, the most sensitive loading vectors were chosen, and principal components provide sensitive index for the endpoint detection. Fig. 11 is the result of applying modified PCA algorithms in Fig. 10(a) . Fig. 11(a) is the raw data of small area SiO2 etching by OES, and no noticeable signal variation is detected. However, the etching endpoints can be detected on 0.6% and 0.4% open area when modified PCA technique was applied as shown in Fig. 11(b) . The third principal component showed the most sensitive response in this case. Fig.   12 shows the effectiveness of applying modified PCA algorithms. The raw data of 2.0 % SiO2 etching by VI probe shows weak signal variations. The principal component obtained from the modified PCA processing shows improvement as shown in Fig. 12(b) .
The endpoint detection of small open area SiO2 etching in 2.0% and 0.5% were achieved by OES and VI probe with the algorithm [19, 21, 38] .
V. Conclusions
Optical emission spectroscopy (OES) and RF V-I probe were discussed in this article as non-invasive chemical and physical plasma monitoring tools. For the signal enhancement principal component analysis (PCA) was discussed. The demands for the sensitive plasma monitoring technology are expected to be increased due to the critical dimension reduction in nanometer scale and wafer size increase to 450 mm.
For the increasing demand of sensitive plasma monitoring, more intensive development is expected on non-invasive plasma monitoring tools and multivariate analysis techniques.
